The impact of potential future climate change scenarios on the irrigation water requirements (IRRs) of two major agricultural crops (coffee and seed corn) in Hawai'i was studied using the Irrigation Management System (IManSys) model. In addition to IRRs calculations, IManSys calculates runoff, deep percolation, canopy interception, and effective rainfall based on plant growth parameters, site specific soil hydrological properties, irrigation system efficiency, and long-term daily weather data. Irrigation water requirements of two crops were simulated using historical climate data and different levels of increased. The average percentage decrease in IRRs for seed corn is higher than that of coffee. However, runoff, rain canopy interception, and deep percolation below the root zone increased as precipitation increased. Canopy interception and drainage increased with increased CO 2 emission. Evapotranspiration responded positively to air temperature rise, and as a result, IRRs increased as well. Further studies using crop models will predict crop yield responses to these different irrigation scenarios.
INTRODUCTION
Population growth, climate change, and anthropogenic land-use changes trigger severe negative effects on the global water resources. The impacts of these changes have more pronounced effects on small elevation-variant islands, e.g., Hawaiian Islands. These islands have been experiencing prevailing spatio-temporal variability of the major water cycle components, e.g., rainfall, evapotranspiration, and to a less extent temperature. Human activities are altering the global climate (Hansen et al. ) by raising the concentration of the greenhouse gases especially methane, nitrous oxide and carbon dioxide (CO 2 ). Atmospheric CO 2 is expected to increase from its reference (330 ppm) concentration used in this study to between 550 and 970 ppm by 2,100 (IPCC ). Increased greenhouse gas concentrations are likely to raise the earth's mean temperature and influence precipitation, storm patterns and sea level (IPCC ). However, in general, the magnitude of these changes will depend on future anthropogenic activities as well as on technological and economic development. Over the past years of the 21st century, the global average surface temperature has increased by approximately 0.6 W C and is projected to rise by an additional 1.1-6.4 W C (IPCC ). An increase in average daily temperature due to climate change will increase reference evapotranspiration (ET o ) resulting in an increased use of irrigation water whereas increase in atmospheric CO 2 will increase crop water use efficiency (WUE, which is the ratio of CO 2 uptake to evapotranspiration) resulting in less water needed for irrigation (Ficklin et al. ) . 
where ΔS is the change in soil water storage expressed as equivalent water depth (cm), P is the gross rainfall (cm), G w is the groundwater contribution (cm) from shallow water table, IRR net is the net irrigation water requirement
is summation of groundwater drainage and surface water runoff (cm), ET c is the plant evapotranspiration (cm) and I is canopy rainfall interception (cm).
The water storage capacity is the amount of water that is available for plant uptake. It is calculated as the equivalent water between field capacity and permanent wilting point for a given soil multiplied by the depth of the root zone. Irrigation is scheduled based on an allowable level of soil water depletion from the root zone. Irrigation amounts are calculated to restore the soil water content to field capacity.
Assuming a negligible groundwater contribution to the rootzone (G w ¼ 0) and since gross IRRs is IRRs ¼ IRR net /f i and the detailed equation is as follows:
where f i is the efficiency of the irrigation system used. 
where ET o is the reference evapotranspiration (mm day À1 ), R n is the net radiation at the crop surface (MJ m À2 day À1 ), Stomatal resistance and LAI for different CO 2 emission scenarios can be calculated using the following equations:
where g CO2 is the modified leaf conductance (Neitsch et al.
)
and g is the conductance without the effect of CO 2 for the reference crop, grass, 0.01 m s À1 .
LAI for different CO 2 emission scenarios (LAI CO2 ) based on assumption of 7% increase in LAI with a doubling of CO 2 emission is given by the following equation,
For clipped grass, a general equation for leaf area index (LAI) is:
where h is the height of reference crop, grass (0.12 m),
For reference crop, grass,
The expression for bulk surface resistance (r s ) can be modified to Equation (10) using Equations (4)- (9),
The ratio r s /r a can be calculated for different CO 2 emission scenarios (Table 1 ) using Equation (10) ). 
Climate change scenarios
In this study, a total of 24 climate change scenarios (Table 2) were generated on the basis of the IPCC Special Reports on 
RESULTS AND DISCUSSION
Different scenarios were simulated using IManSys for 27 years after adjusting precipitation, temperature, leaf conductance, and LAI. Other climate variables (i.e., solar radiation, wind speed, and relative humidity) were kept constant for all 
Rainfall, runoff and canopy interception
In IManSys, surface runoff is calculated using the SCS curve number method (Fares & Fares ) . Thus, runoff is a function of precipitation, soil hydrologic group, land use, and management practices. Runoff is not influenced by the CO 2 emission level; thus, for this case it only responds to precipitation levels ( Figure 6 ). 
CONCLUSIONS AND RECOMMENDATIONS
This work investigated the impact of potential future climate change scenarios on the gross IRRs of two major agricultural crops (corn and coffee) in Hawai'i and the subsequent water budget components (runoff, drainage, and canopy interception) using IManSys.
It was found that an increase in temperature resulted in an increase in ET demand and consequently in an increase of IRR for both crops; however, IRR is higher for coffee (>10%) than for that of seed corn. As expected, gross IRR is negatively correlated with precipitation; however, there is a direct correlation between drainage and precipitation.
Irrigation water requirement decreased with increased CO 2 emission. Results of the study indicated that the impact of climate change on two major crops grown in a major Hawaii Island (seed corn and coffee) is very sensitive to future climate scenarios generated as predicted by different GCMs. The average percentage decrease in IRRs for coffee is 6.4% and 42.2% for CO 2 emission levels of 550 ppm and 970 ppm, respectively. Whereas the corresponding average decrease in IRRs for seed corn are 8% and 50.1%, respectively. The average percentage decrease in IRR for seed corn is comparatively higher than that of coffee. Runoff increased with a precipitation rise, but it did not show any change in response to CO 2 level variations.
Canopy interception and drainage increased with increased CO 2 emission. However, the magnitude and the rate of drainage increase are higher for seed corn than for coffee.
Evapotranspiration increased for rising temperatures, and as a result the gross irrigation water requirement was also increased. Changes in rainfall variability and increased evaporation will directly impact rain-fed agriculture and reduce water availability for irrigation.
Results of this study as well as those obtained from other studies suggest that as the CO 2 content in the atmosphere continues to rise, terrestrial plants will likely display reductions in transpirational water loss. As a result, most plants might be able to better deal with periodic water shortages and warmer temperatures, possibly even could expand their ranges into areas where it was too dry for them to successfully live and reproduce in the recent past.
This study only focused on IRR calculations for two main crops grown on Hawai'i. Further studies on predicting crop yield responses to these different irrigation scenarios using crop modeling are essential to quantify the impact of climate change on the yield of these two crops in Hawai'i.
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